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Abstract 

An attempt is made to predict the worst-case pressure distor- 
tion produced by a distortion screen at the entrance to a gas 
turbine engine using only steady-state total pressure measure- 
ments. The vector sum of radial and circumferential vorticity, 
called normal vorticity, is compared to both the difference 
between steady-state and worst-case distortion patterns, and the 
standard deviation of the high response pressure measurements, 
called "turbulence."' Average values of "turbulence" and vorticity 
are found to be unrelated to the increase in distortion between 
steady-state and worst-case pressure measurements. Probe-by-probe 
analysis of the data indicates that a correlation may exist 
between vorticity and the distortion increase, Although a final 
prediction technique is not developed, an improved test program 


and refined data analysis techniques are outlined. 
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Chapter I Introduction 


Background 


Most turbine engines for modern aircraft are designed to 
operate with the air entering the engine in a uniform velocity 
profile. A few engines are designed to have the inlet velocity 
lower at the tip of the compressor than at the hub to optimize 
the aircraft system performance. In both cases, engine inlet 
distortion is defined as any perturbation in the compressor inlet 
velocity profile from the desired velocity profile. If the inlet 
distortion is too great, the compressor will stall. 

Due to the difficulty of measuring the velocity profile of 
the air entering a turbine engine, indirect measurements must be 
taken. Current techniques for approximating the inlet velocity 
variation involve the use of an array of total pressure probes at 
a turbine engine inlet. Engine inlet velocities are on the order 
of 0.5 Mach number and incompressible fluid flow is assumed at 
the measurement plane. The static pressure is nearly uniform if 
the instrumentation plane is placed far enough in front of the 
compressor face and its flow redistributions. Therefore, the 
variation of the total pressure of the air entering a turbine 
engine is a reasonable approximation of the variation of the 
inlet velocity. The total pressure probes are usually designed 
so that good total pressure recovery can be obtained for engine 
inlet air velocity varying up to 30° from the axial direction. 
Current Practice 


The development of the F-111 aircraft system was plagued 


x 
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with engine/inlet aerodynamic compatibility problems. Most of 

the problems were caused by the aircraft inlet producing more flow 
distortion than the engine could tolerate. Since the F-111 

system development, the U.S. Air Force has directed that during 

the development of new aircraft systems, especially supersonic air- 
craft systems, the inlet pressure distortion be measured with high 


response instrumentation both during scale model tests and flight 


ae 


tests, and that turbine engine qualification tests demonstrate the 
engine capability to accept a reasonable amount of inlet flow 
distortion. The turbine engine is qualified in an altitude test 
cell under well controlled and accurately measured conditions. 

The aircraft inlet flow distortion is presently simulated by 

i’ placing a distortion screen in front of the engine. A distortion 
; screen consists of a heavy metal mesh of low blockage to which are 
5 attached one or more screens of higher blockage. The screen 
pattern is such that an engine inlet total pressure distortion 
pattern is produced which nearly duplicates a specified inlet 
distortion pattern. Unfortunately, because the pressure gradients 
produced by the distortion screen are a function of the airflow 

K through the screen, the distortion screen will produce the desired 


distortion pattern at only one design airflow condition. Reference 


<a> 


5 is an excellent description of a good technique for the design 
“ of engine inlet distortion screens. 


Using Figure 2 as an example, the distortion screen has an 
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inner diameter of approximately 4 inches and an outer diameter 


of approximately 35 inches. The basic grid is spread across the 
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entire face of the screen and consists of 0.125 inch diameter 
wire in a square pattern of one wire per inch. The remaining 
screen mesh consists of 0.063 inch diameter wire in a square 
screen pattern with from two to nine wires per inch. These 
secondary screens are cut to approximate the isobars of the design 
distortion pattern and are not allowed to overlap each other. 
Although the secondary screens are safety-wired to the basic grid 
during screen development, they are brazed to one another and the 
basic grid after the design has been finalized. 
Problem Definition 

As would be expected, the flow downstream of the distortion 
screen is quite turbulent. The turbulence causes the pressure to 
oscillate about the average, or steady-state, pressure reading. 
The steady-state total pressure distortion will be less severe 
than the actual total pressure distortion that would appear 
transiently at the engine compressor face. Therefore, high 
response pressure instrumentation is required to accurately deter- 
mine the flow distortion entering a turbine engine. The data 
obtained with the high~response pressure probes are referred to 
as dynamic data. However, high-response (approximately 800 Hz) 
pressure transducers, the associated hardware, and the increased 
data reduction requirements are very costly. Because of the 
increased costs of high response pressure distortion measurement, 
many Air Force systems are forced to use only steady-state pres- 
sure measurements to determine inlet screen distortion. A tech- 
nique is needed to predict the worst-case dynamic distortion using 
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only steady-state pressure measurements. This paper summarizes 
an attempt to develop such a technique. 

Reference 6 states that during the FB-ll]] flight test pro- 
gram, high pressure turbulence levels were associated with large 
gradients in the inlet total~pressure distortion pattern. This 
trend was judged to be indicative of regions that were reacting to 
large shear forces. It would therefore appear that a systeuw for 
the measurement of the magnitude of pressure gradients would serve 
to approximate the amount of tubulence. If the amount of turbu- 
lence could be predicted, a factor might be devised which would 
serve to modify a distortion pattern measured with only steady- 
state pressure instrumentation. Should it succeed, then the 
steady-state pressure measurements alone would suffice to estimate 
the worst-case dynamic distortion pattern generated by a distor- 
tion screen. 

Scope of Present Study 

References 1 and 2 descibe a system for calculating pressure 
gradients at the entrance to a turbine engine. A summation of 
these references is contained in a later chapter of this study. 
The pressure gradients are examined through the use of cylindrical 
coordinates. Equations are developed to calculate terms corres- 
ponding to the pressure gradients in the axial, radial and 
circumferential directions. The radial and circumferential pres- 
sure gradients are of primary importance to this study. Suffice 
it to say that the formulae for the radial and circumferential 
pressure gradients involve the axial velocity of the air entering 
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the compressor, the total pressure at the engine face, and the 
radial and circumferential pressure gradients at the compressor 
face. References 1 and 2 choose to call the resultant terms 
absolute vorticity. Hereafter the term vorticity will apply to 
the above definition. As the sum of radial and circumferential 
vorticity should be the best parameter to predict turbulence, the 
total vorticity was obtained by vector addition of the radial and 
circumferential vorticity. 

High quality data were obtained from a distortion screen 
calibration effort and exposed to the hypothesis described above. 
Distortion was measured in terms of (maximum total pressure - 
minimum total pressure) / average total pressure at the engine 
face. This term is referred to as Ap/p. The dynamic pressure 
data were digitized so that the pressure readings from all 48 
pressure probes were recorded simultaneously, with 0.00096 
seconds between each data scan. Computer programs were used to 
scan 512 data scans to determine the worst-case pressure distor- 
tion levels for each data point. A computer program was devised 
to calculate and plot the total vorticity from the steady-state 
pressure measurements. The dynamic data were scanned to determine 
regions of the distortion pattern where the dynamic data varied 
most from the steady state values. For this study "turbulence" 
was defined as the standard deviation of the dynamic total pressure 
measurements from the steady-state total pressure measurements. 

An attempt was then made to correlate the "turbulence" levels with 


the difference between the steady-state and dynamic pressure 


5 


i 


distiortion patterns. A correlation was then attempted between 
the total vorticity and the "turbulence" levels. The final step 
was to attempt a direct correlation between the total vorticity 
and the difference between the dynamic and steady-state distortion 
patterns. The final objective was to develop an empirical tech- 
nique to predict the worst-case total pressure distortion produced 
by an inlet distortion screen. The technique was to use only 
steady-state total pressure measurements and produce worst-case 
distortion predictions accurate enough to withstand the critical 


scrutiny of the U.S. Air Force and its engine manufacturers. 
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Chapter II Source of Data 

Data Program 

The data for this study were obtained from February 1 through 
April 6, 1973, by ARO, Inc., contract operator of the Arnold 
Engineering Development Center (AEDC), Arnold Air Force Station, 
Tennessee. The tests were performed under ARO project number 
RA 308 under Air Force Systems Command (AFSC) Element 64209F. 
(The tests were directed and funded by the F-15 Systems Program 
Office at Wright-Patterson Air Force Base, Ohio.) A copy of the 
letter authorizing the use of these data is contained in 
Appendix B. 
Distortion Screens 

The five distortion screens used in qualification testing of 
the F100-PW-100 turbofan engine were investigated. The data from 
the calibration of one distortion screen were discarded due to the 


low total pressures, and associated measurement inaccuracies, 


resulting from the simulated 58,600 ft. altitude / 0.9 Mach number 
(58.6K/0.9) flight condition of the test. Figures 2 through 5 

are schematics which present the grid size and percent blockage of 
the remaining four screens. Each screen was required to produce | 
a specified distortion factor at a corrected airflow, altitude 


and Mach number. Figure 1 is a description of the goal distortion 


patterns for the design of the four screens used in the test 
program. The objective of the screen design program was to dupli-~ 
cate the normalized pressure readings of these goal patterns to 


within 2% root-mean-squared error on a probe-by-probe basis. The 
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sereens were found to conform to these criteria. Although data 
were generated at several airflow conditions for each of the four 
screens, the only data used for each screen were that generated at 
the design airflow. 
Facility 
The data were generated at the AEDC Engine Test Facility's 
; J-1 test cell, which has an inner diameter of approximately 16 
feet. The test hardware for this program consisted of the Pratt 
& Whitney Aircraft Company F-15 Aircraft Full-Scale Inlet Simula- 
tor and an engine simulator (cold pipe). A detailed schematic 
of the installation is shown in Figures 6 and 7. In Figure 6 air 
of a desired pressure and temperature entered the test cell from 
i the left, as depicted by the arrow. The air first passed through 
ii a metal honeycomb and a screen which served as flow straighteners. 
Next the air passed through the venturies which served to measure 
the total cell airflow. All bypass and leakage air was subtracted 
| from the total flow to obtain the airflow through the cold pipe. 
| The flow exiting the venturies was broken up by air baffles before 
entering a low velocity plenum and conic screen. Next the air 
% entered a transition duct to the F-15 inlet simulator. Air exited 


the inlet simulator through either the cold pipe engine simulator 


. a a 


or the lower ramp bypass. Test cell pressure was maintained by 
facility exhausters which reduced cell pressure through the 
exhaust diffuser. 

The F-15 inlet simulator, as sketched in Figure 7, was 
designed to simulate the flow at the engine face produced by the 
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actual F~15 aircraft inlet. The F-15 inlet uses three external 
ramps to create three oblique shocks prior to the normal shock 
during supersonic flight. The inlet simulator simulated only the 
end of the second ramp; the rest of the inlet to the cold pipe was 
an exact duplicate if the aircraft inlet. Through this configura- 
tion only the final oblique shock and the normal shock were 
simulated during supersonic flight. During simulation of actual 
inlet operation the lower ramp bypass and lower ramp position were 
regulated to obtain the proper Mach numbers and flow angles that 
would occur during flight. For this test program, the inlet 
simulator was configured to obtain the most uniform flow in the 
cold pipe inlet. A thorough description of the inlet simulator 
and its operation is contained in Reference 3. 

The J-l test cell, with the inlet simulator installed, was 
chosen for the screen calibration because dynamic data recording 
and processing systems were readily available to make the required 
time-dependent measurements and because no F-100 engine was avail- 
able at that particular time period for testing in the J-1 test 
cell. For this test program all bleed and bypass lines were 
blanked off with the exception of the 36 inch lower ramp bypass 
line. Also, the fourth ramp bypass line was removed and the 
bypass valve closed, but with no blank off plate installed, and 
the primary air measuring venturis 3, 6, and 7 were blanked off. 
Unique test hardware for this program consisted of the following: 

1. The environmental control system section used during the 

F100-PW-100 engine tests was replaced by a straight pipe 
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which connected the end of the sunsonic duct to the instru- 
mentation at the simulated engine face. A radial grid 
assembly was installed inside of this duct to which the 
distortion screens were attached. The screen face was 28.7 
inches forward of the cold pipe flange. 

To reduce the distortion of the flow field at the entry plane 
of the distortion screens, a flow straightening grid was 
installed approximately 58 inches upstream of the subsonic 
duct exit. Figure 8 is a schematic of the subsonic duct 

and shows the position of the flow straightening grid in the 
duct. This flow straightening grid was retained in the duct 
by bars which passed through the subsonic duct structure. 
Upon completion of the test program, the straightening grid 
and the support bars were removed and leak-tight plugs 
installed in the subsonic duct. 

The cold pipe exit was fitted with a conic nozzle to effect 
airflow control. When required by test conditions, the 
nozzle area was changed by replacing the conic nozzle. 
Figure 9 is a schematic of the conic nozzle installation 

and also documents the areas and the area ratios of the 
conic nozzles used during this test program. 

Conditions 


The test conditions for each screen are as described in 


Table Ll. 
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Test / Po To Pao Corrected 


Data Point Screen Alt./Mach psia °R sia Airflow 
HA-08/10 4-5F 65.5K/2.2 6.90 769 6.25 147.1 (1b/sec) 
HA-16/10 5-1F 68K/2.5 9.96 800 9.10 T28.1 
HA-17/12 1-7F 30K/0.9 6.61 481 ay 229.3 
HA-18/24 3-5F 64K/1.6 3.30 590 Dike 200.7 

Table 1 


P>5 is defined as the average total pressure at the engine inlet, 
Pgo9 is the average static pressure at the engine inlet, T) is the 
total temperature of the air entering the engine, and the corrected 
airflow refers to the (mass flow entering the engine) x v1 7/519 / 
(P9/14.7). 
Instrumentation 

The engine/inlet interface plane was defined with a total 
pressure and total temperature array as shown in Figure 10. 
Each total pressure location involved both a high response (up to 
800 Hz) Kulite transducer and a close-coupled, slow response (40 
Hz) Statham transducer. For this test Kulite modei XCEL-1 1/4 
inch transducers were used. These transducers had a 0-50 psia 
range and had a small fine-meshed screen incorporated into each 
transducer mount to block any rust particles picked up in the 
inlet air heaters. The Statham transducers were model PA8569, 
with a 0-50 psia range. The Statham transducers were mounted in 
the bulletnose of the simulated engine and temperature conditioned 
with nitrogen to 200 + 10°F. The Kulite transducers were exposed 
directly to the freestream total pressure and were not temperature 


conditioned. 


11 


rn RE en ———$_— 


se SEE ASR Dope, 2-5 AO 


__ 


Be ee | 


Signal Conditioning 


An electronic system was developed by Pratt & Whitney 
Aireraft to compensate for the intercept shift of the Kulite 
volt/psia calibration curve. It was assumed that the slope of the 
calibration curve would remain constant within the temperature 
envelope of this program. Figure 11 is a diagram of this elec- 
tronic system. It was used to merge the high response Kulite 
signal with the low response Statham signal. The Statham signal 
was passed through a 1/4 Hz low pass filter and the Kulite signal 
was passed through a 1/4 Hz high pass filter. The resultant 
signals were merged and normalized to form a pressure signal 
independent of the Kulite shift in mean pressure with temperature. 

The merge equipment outlined in Figure 11 was enclosed in a 
temperature conditioned room. The final pressure signal was 
passed through a low pass filter which was designed to the filter 
characteristics described in Figure 12. This curve was developed 
by Pratt & Whitney Aircraft to account for the dwell time 
required for a compressor blade to respond to inlet distortion. 
The analog signal was finally digitized at one cut every 0.00096 
seconds. For each data point analized for this study, 512 time 


slices were scanned. 
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Chapter III Review of Vorticity Theory 


Nomenclature 


Characters: 


speed of sound 

engine inlet diameter 
unit directional vector 
enthalpy 

pressure 

gas constant (gravity included) 
specific entropy 
entropy 

time 

temperature 

vector cross product 
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partial derivative 
vector operator del 
ratio of heat capacities 
vorticity 


E< 10 


Subscripts: 


station 1 

station 2 

radial direction 

axial direction 
circumferential direction 
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Discussion 

The earliest reference promulgating the use of relative 
vorticity for the assessment of turbine engine stability is 
Reference 1. A summation of Reference 1 is contained in Reference 
2. As an understanding of the basic tenets of the proposed 
vorticity approach is essential for this study, this chapter will 
briefly summarize References 1 and 2. The theory and equations 
in this chapter do not represent original work and are obtained 
from these references. A computer program to perform the vorti~ 
city calculations was developed for this study and does repre- 
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sent an original effort, although some of the subprograms have 
been adapted from different programs not originally written by 
the author. 

In general form, Crocco's Theorem can be written as: 

TVS + ux(Vxu) = VH + du/at 


From basic thermodynamics: 
s.-s T : 
2 i. -an(ee2 2) + = uo(=2) 
‘ ray tl ) 


For a constant total enthalpy, the combination of the above two 


. equations yields: 
oe VP, + ux(Vxu) = ae 
Py ot 


b The above equation can be rewritten in cylindrical coordinates. 


— 9g 
: 3 + (uw, Oo =u es) a he 


! 
i The component for the r direction is: 
‘ - et Ey oo eM = ae 
P, or. (4, Zz a) dt 
| and for the © direction is: 
du 
\ 


A Let p, = p'/Pes u = u'a, r = r'D/2 and w = w'2a/D, where P, is the 
average total pressure at the engine face, a is the average speed 

i 

* of sound at the engine face, D is the compressor diameter, and w 

F is the fluid vorticity. Rewriting the equations for radial and 


circumferential vorticity yields: 


a, 


<ot he 


= Na du. : 
- A, B+ 2 (u,'u," - u,'0,') = xn 
Dp’ or" GANG 2 8 2Mla2 a 
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where N is the number of blades, Vijp is the velocity of the 
compressor blade tip, and t = t'ID/ (VegpN) and is a function of the 


blade passing frequency. 


After considerable order-of-magnitude analysis, the above 


equations reduce to: 


E 
i 


' 1 1 dp' 
yptu rer 30 ) 
z 


and 


= 
i] 


but u,' = uz/a = uz/(u,/M) = Muz/uz = 


af ee “9 ae "ts . 
(P,-P,) (2/0) P.-P, 


Recalling that wr' = w,D/2a and w' = woD/2a, the final equations 


are obtained: 


a i = ft./sec. 
“r  yDp'MQ\r' 30 ft. 


and 


"— 2a ar) ft./sec. 
9 ~ yDp'MQ\r ft. 
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The final equations described above are those which were programed 
into the automated calculation procedure. A listing of the 
computer program is contained in Appendix A. 

As each of the terms for radial and circumferentiai vorticity 
are vectors, the absolute value of the total vorticity was 
obtained through the Pythagorean theorem. The absolute value of 
the total vorticity, hereafter termed the normal vorticity, was 
deemed of primary importance as this value should correlate 
directly to the total pressure gradient at the engine face. As 


Stated previously, the total pressure gradient should correlate 


with the turbulence at the engine face. 
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Chapter IV Data Analysis 


Steady State Data 

As described in Chapter II, the data trom the calibration of 
four distortion screens were evaluated. Only the data generated 
at the screen design airflows were used. The steady state data 
were processed through the automated calculation procedure to 
obtain values of normal vorticity. 
Transient Data 

Next the high-response total pressure data, termed dynamic 
data, were processed. As described in Chapter II, each dynamic 
data point consisted of 512 scans, digitized at 0.00096 seconds/ 
cut, which had been processed and filtered according to Figure 
12. Each dynamic data point was scanned to determine the worst 
case of distortion. As described in Chapter 1, the criterion for 
the worst distortion pattern was (maximum total pressure - 
minimum total pressure)/average total pressure at the engine face, 
commonly referred to as Ap/p. The distortion patterns for the 
worst cases were obtained through use of the computer program 
listed in Appendix A. Bad Kulite readings were determined by 
visual inspection of the raw data. The computer program substi- 
tuted val es for the bad Kulite réadings by using a weighted 
average of the surrounding pressure probes. 
Turbulence 

Next, the standard deviation of each high response pressure 
probe from the steady-state pressure reading was obtained. The 
standard deviation of the high response pressure data was termed 
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"turbulence." "Turbulence" patterns and average “turbulence" 
values were obtained. 
Vorticity 
Finally, the steady-state pressure data were processed 
through a computer program developed to calculate and plot the 
normal vorticity at the engine inlet. A listing of this program 
is contained in Appendix A. The computer print-out from the four 
s input cases immediately follows the listing. The development of 
the principal vorticity equations is contained in Chapter III. 
> Analysis of Data 
Figures 13 through 16 compare the steady-state pressure 
distortion pattern, the worst-case pressure distortion pattern, 
i the pressure "turbulence" distortion pattern, and the normal 
i vorticity pattern for each of the four screens. A comparison of 
the steady-state and the worst-case pressure distortion patterns 
shows that the isobar of average pressure changes little. Also, 
the average compressor face total pressure does not change between 
| the steady-state and worst-case pressure distortion. Therefore, 
all that need be done is to determine a modifier to increase the 
mK above average steady-state pressure readings and decrease the 


below average pressure readings, while maintaining the same 


a 


average pressure. If such a modifier could be obtained, an 
vt accurate estimate of the worst case distortion pattern would be 
easily and economically available. 

Next, the standard deviation of the high response pressure 
from the corresponding steady state pressure, termed "turbulence," 
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and the normal vorticity patterns were compared. The regions of 
a high and low pressure "turbulence" do not compare well with the 
regions of high and low normal vorticity. Therefore, normal vor- 
ticity alone is not an accurate predictor of “turbulence" level. 
Also, there is no evidence to indicate that average normal 
vorticity correlated with average "turbulence" level. 
The lack of correlation between normal vorticity and "turbu- 


"is not understood. Some high frequency "turbulence" could 


lence’ 
result from the airflow through the distortion screen. This type 
of "turbulence" would not be related to normal vorticity. The 
distortion screen mesh nen is assumed to have little effect on 
the "turbulence" level however, since the 28.7 inches between the 
| distortion screen and the pressure instrumentation would permit 
; considerable dissipation of the fine grained "turbulence." Any 
remaining fine grained "turbulence" would be eliminated in 
filtering the data according to Figure 12. 
! In an attempt to correlate the average "turbulence" level 


S | with average normal vorticity and the difference between steady 


state and dynamic Ap/p, Table 2 was developed. 


Test / Average Ap/p Ave. Normal Steady State 
Data Point Turbulence Difference Vorticit Ap/ 
es HA-08/10 0.042 0.0266 652 0.22153 
f HA-16/10 0.092 0.0523 610 0.1774 
i. HA-17/12 0.070 0.0283 383 0.2627 
“ HA-18/24 0.028 0.0375 484 0.1766 
Table 2 


Examination of Table 2 reveals that nothing correlates on 
macroscopic terms. The objective of this study was to have the 
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column of the difference between steady state and dynamic Ap/p 
correlate with the average normal vorticity and the average 
"turbulence." As described above, average normal vorticity is not 
a good indicator of average "turbulence.'"' Table 2 demonstrates 
that average normal vorticity is not a good correlator of Ap/p 
difference either. 


Analysis of Probe-by-Probe Data 


Next, the correlation hetween Ap/p difference and normal vor- 
ticity was approached on a probe-by-probe basis. The pressures 
in the distortion patterns were normalized by dividing them with 
the average total pressure of the entire distortion pattern. The 
difference between the lowest normalized pressure from the steady- 
state pressure distortion pattern and the lowest normalized pres- 
sure from the worst-case pressure distortion pattern was obtained. 
This difference was compared to the normal vorticity at the loca- 
tion of the lowest pressure reading from the steady-state distor- 
tion map. In a similiar manner, normal vorticity was compared 
with the difference between the highest normalized pressure 
readings from the steady-state and worst-case pressure distortion 
patterns. Figure 17 summarizes the results of this comparison. 
Although the normal vorticity values do appear to be a func- 
tion of the normalized pressure difference, the correlation is not 
good enough to predict the worst-case distortion to within 14 


Ap/p. Of particular concern is the negative slope of the data 


points from test HA-18. The characteristic of the HA-18 data 


prohibits further analysis of the available data. 
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Chapter V Recommendations for Additional Analysis 
Shortcomings of Present Analysis 

Data storage problems have prohibited additional data 
analysis. Flaws in the problem approach and data analysis are 
presented to enhance additional studies in this field and to 
indicate weak areas of this study which may have led to unjusti- 
fied conclusions. 

The objective of this study was to develop a technique for 
predicting the worst-case pressure distortion produced by a 
distortion screen at the entrance of a gas turbine engine. The 
criterion used to determine the worst-case pressure distortion 
was found to be flawed and should be changed in any additional 
studies. Distortion severity is measured by the depth, extent, 
and location of the pressure defect at the engine face. For this 
study, however, engine characteristics were ignored so that 
distortion location is not of importance. The criterion used to 
determine worst-case pressure distortion was (maximum total pres- 
sure - minimum total pressure) / average total pressure at the 
engine face, This criterion is a poor measure of the depth and 
extent of pressure distortion and should be improved in additional 
efforts. A step in the right direction would be the use of 
(averace total pressure - minimum total pressure) / average total 
pressure at the engine face. Although this criterion will improve 
the evaluation of the depth of the pressure defect, it does not 


address the extent of the pressure defect and could be improved 


further. 


| 
| 
| 
| 


Insufficient statistical tools were exercised during the 
evaluation of the probe-by-probe data. For this study the differ- 
ence between the lowest normalized pressure from the steady-state 
niente distortion pattern and the lowest normalized pressure 
from the worst-case pressure distortion pattern was obtained. 

This difference was compared to the normal vorticity at the loca- 
tion of the lowest pressure reading from the steady-state distor- 
tion pattern. This approach was too simplified for a problem as 
statistical as screen-induced pressure distortion. In some 
instances, when the location and value of the lowest normalized 
pressure on the steady-state distortion pattern had been deter- 
mined, an examination of the worst-case distortion pattern 

e revealed that the normalized pressure at the same location had 

4 actually increased, although the total distortion level had 
worsened. Any additional studies should include an improved 
approach to comparing a worsening of pressure distortion levels 
with normal vorticity. 

This study has emphasized the vorticity at the locations of 
the lowest and highest total pressure in the steady-state distor- 
tion pattern. If the amount of "turbulence" in screen-induced 
distortion occurs in the regions of the highest pressure gradient, 
the lowest normalized pressure in the worst-case distortion 
pattern may well occur at a point different than the point of 
lowest normalized steady-state pressure. Therefore, to obtain a 
more accurate estimate of the worst-case pressure distortion using 
only steady-state pressure measurements, the vorticity at each 
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location should be applied in some fashion to the steady-state 
distortion map. 
Improved Test Program 

The objectives of the screen calibration program were 
substantially different than those of this study. To obtain a 
more worthwhile effort, a test program should be developed and 
directed towards the prediction of worst-case screen-induced 
pressure distortion. The improved test program would produce data 
which would enhance a distortion prediction effort. 

First, several screens should be tested. The screens should 
cover a large range of depth, extent and location. The distortion 
screens should consist of an array of classical distortion 
patterns, such as 180° circumferential distortion and radial 
distortion located at both the hub and tip of the imaginary fan 
blades, as well as complex distortion patterns resembling those 
generated by an actual aircraft inlet. Data should be obtained 
from the distortion screens over a range of Reynolds Number Index 
and corrected airflow (as defined in Chapter II). The breadth of 
this proposed test plan should provide the data required for the 
most rigorous analysis. 

Second, every effort should be made to assure correct data. 
Pressure probes should not be located behind seams in the distor- 
tion screen where weld beading could produce non-representative 
"turbulence."' The signals from the high-response pressure trans- 
ducers should be carefully analized to verify that electronic 


noise is not degrading the signal quality. In short, every effort 
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should be made to assure the highest quality data. 

Third, all data should be generated with a "cold-pipe" 
engine rather than an actual gas turbine engine. The advantages 
of a "cold-pipe" engine are twofold. First, there would be no 
need to expose an engine to the high levels of distortion that 
would be covered in a complex test matrix. The level of risk, as 
well as data reduction requirements and test cost, could therefore 
be reduced. Second, use of a "cold-pipe" engine would ensure a 
uniform static pressure at the distortion measurement plane. Data 
generated under uniform pressure conditions would apply to several 
different engines, where data generated behind a certain engine 
and its peculiar flow redistributions may apply only to one engine 


or family of engines. 
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Chapter VI Conclusions 

The objective of this study was to develop an empirical 
technique using normal vorticity to predict the worst-case total 
pressure distortion produced by an inlet distortion screen at the 
entrance of a gas turbine engine. That objective has not been 
met. Modifications to the local computer system have caused the 
data tapes to be unreadable and additional study of the data is 
not possible. Nevertheless, several conclusions can be drawn 
from the studies. 

Bulk quantities, such as average normal vorticity or average 
turbulence, do not relate to the differences between the steady- 
state and worst-case pressure distortion patterns. These 
differences must be estimated using probe-by-probe evaluation of 
the steady-state data. 

The available data do not indicate any correlation between 
normal vorticity and the standard deviation of the high-response 
pressure measurements. The lack of correlation may be caused by 
phenomena not yet understood. Other causes may be that high- 
response pressure probes were located behind the weld at the 
screen interfaces and experienced non-representative "turbulence," 
or that electromagnetic interference or faulty pressure probes 
compromised the quality of the data. Future studies should choose 
probe locations carefully and scrutinize the data so that areas of 
examination can be narrowed to physical phenomena. 

Limited data has indicated that there is a relationship 
between normal vorticity and the differences between the steady- 
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state and worst-case pressure distortion patterns. This relation 
appears to be influenced by Reylolds Number Index (RNI). (See 
Figure 6.) Further study should be performed to confirm or refute 
this relationship. 

Finally, this study has outlined a test program which would 
complement an effort to predict worst-case pressure distortion 
from only steady-state pressure measurements. Normal vorticity 
has been shown to be related to the difference between steady- 
state and worst-case screen-induced distortion. Efforts to refine 
this relationship should prove successful with improved data and 


additional studies. 
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YFEJ has reviewed the subject report and have determined it to be 
classified properly and have no objection to its publication. 
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